We employ empirical tight-binding simulations on strained tetrahedral amorphous carbon and diamond nanocomposite networks. For each applied strain, the optoelectronic properties are monitored through the absorption coefficient and the dielectric function. These lead to the optical gaps and are able to quantify the amount of disorder in the structures. We compare our results to those of unstrained nanostructured diamond and amorphous carbon (a-C) phases and link the degree of disorder in these materials to their structural details as a function of the external load. The atomic rearrangements and distortions imposed by the external strain in these structures are directly observable in their optoelectronic properties. We thoroughly discuss the interplay between increased external strain, structural and topological disorder, atomic rearrangements and their effect on the calculated optoelectronic properties.
Introduction
The exceptional behavior of carbon in undertaking different kinds of hybridizations to form a variety of interesting structures is widely known. The variability of the existing carbon structures is directly correlated to the majority of applications these can be used for. One of the carbon forms that has been intensively studied is amorphous carbon (a-C), and especially tetrahedral carbon (ta-C), a dense amorphous network which contains a high fraction of sp 3 hybrids [1, 2] . Recently, nanocomposite carbon, which is a more complex structure that includes a crystalline core surrounded by an amorphous carbon matrix has also attracted attention [3] . This composite is also expected to have interesting properties that could possibly be tailored. Specifically, by choosing the type and size of the embedded crystal, as well as the amorphous matrix density, one could obtain a composite material with desired optoelectronic and mechanical properties. Choosing a diamond grain as an inclusion gives rise to diamond nanocomposites (nD/a-C). This is a material which, depending on its density, can have elastic moduli or optoelectronic properties comparable to those of diamond [4, 5] . Dense amorphous networks also show high rigidity and diamond-like optoelectronic properties [1, 6, 7] . In this respect, the ability to tune the properties of diamond nanocomposites and dense amorphous networks reveals a high potential for use in important nanotechnological applications. These can be, for example, hard and wear resistant coatings [8, 9] with hardness and thermal stability comparable to that of diamond. In principle, nanodiamonds and ta-C are biocompatible, and thus potentially suitable for biomedical applications [10] . Nanostructured carbon materials are also expected to lead to applications in MEMS (microelectromechanical devices).
Production of amorphous and nanostructured carbon materials has already been achieved through various methods. Amorphous carbon can be synthesized by various deposition techniques including ion-beam or arc deposition, laser ablation, ion sputtering and plasma methods [11] [12] [13] [14] . The different growth techniques can lead to a variety of a-C networks. These differ in density and sp 3 fraction. The sp 3 fraction can be determined by the equilibrium between densification and relaxation during the growth process [15] . Tuning the desired amorphous network can be achieved by properly selecting the carbon ion energy in the bombardment methods, as well as the substrate temperature [16] . Methods which include some kind of filtering are most commonly used for industrial applications to produce high quality ta-C. These include mass-selected ion-beam deposition (MSIBD) [17] and filtered cathodic vacuum arc (FCVA) methods [18] . Diamond composites, on the other hand, have been grown in both hydrogenated [19] and hydrogen-free [16] a-C matrices. This is achieved by bombardment of highly energetic carbon ions with or without hydrogen species. In a hydrogen-free environment, diamond nucleation can occur by precipitation of small diamond clusters in a dense amorphous network.
The relative ratio of the sp 2 and sp 3 hybrids in both amorphous and diamond nanocomposite materials, their spatial distribution, as well as the size of the diamond inclusion in the latter structures, control the optoelectronic properties of the materials. Such a control would be desirable for potential applications, as already mentioned. However, the use of carbon materials in nanotechnological applications, as mentioned above, poses another problem, that of their stability. Specifically, these materials may operate in conditions in which, for example, high loads are applied. It is thus often desirable to check how the material properties are affected when these operate in various off-equilibrium conditions. In this work we therefore aim to investigate how the properties of two forms of carbon, namely ta-C and dense nD/a-C, can be affected by an external load. We monitor the optoelectronic properties of these two materials as a function of strain. We will focus on the optical gaps and the Urbach energy (E U ), the former being a measure of disorder of the system. We aim to present a systematic study of how tensile strain, as an example of possible external load during operation, affects the equilibrium optoelectronic properties of both ta-C and nD/a-C.
Our work is based on empirical tight-binding molecular dynamics simulations of these structures under strain. The investigation will mainly involve the optoelectronic properties under strain as a probe for the topological and structural disorder in the microstructure. This paper will be structured as follows: in section 2 we discuss the methodology that has been used for structure generation and the calculation of the optoelectronic properties, we then move on to the discussion of the results in section 3 and conclude in section 4.
Methodology
The results presented in this work are obtained through tight-binding molecular dynamics (TBMD) simulations. Such a method is appropriate for the problem of nanostructured carbon under strain. First, it is based on a quantum mechanical description of the interactions, being more accurate than empirical schemes. Second, it allows the use of large computational cells compared to the more accurate ab initio methods. Specifically, in the case of the nanocomposites, a greater statistical precision through the use of large cells of a few hundred atoms is mandatory and allows for a better description of both amorphous and crystalline phases.
The TBMD method chosen was developed at the Naval Research Laboratory (NRL) [20] . This scheme includes a nonorthogonal model. For the transferability between different structures it uses distance-and environment-dependent parameters. The on-site terms are assumed to be diagonal and sensitive to the environment. The two-center approximation is taken and the hopping integrals depend only on the angular momentum dependence of the orbitals and the distance between the atoms. The scheme concentrates on fitting the Slater-Koster tight-binding parameters to the band structure of the ground state of each material. The equation of state, elastic constants, and phonon frequencies are reproduced for various materials, including carbon structures, while vacancy formation, surfaces, stacking faults, and ductility are also well descried by this TB scheme. Regarding the application of the NRL scheme to carbon structures, the sp parameters for C were obtained by fitting to first-principles results for the band structure and electronic energies of the C 2 dimer, as well as the diamond, graphite, fcc, bcc, and sc forms. The band structure is fitted well and allows for the transferability of the parameters in the amorphous case as well. The NRL scheme gives a good description of the quantum mechanical effects, like the bond breaking studied here, as the fitting was extended to a nearest neighbors distance of about 6.6ÅṪhis approach has already been used in similar studies [4] . The density of diamond is calculated at 3.65 g cm −3 compared to the experimental value of 3.51 g cm −3 . The phonon frequencies are close to the respective experimental data. The trends in the elastic moduli of diamond are also similar to the experimental data, while tensile and shear ideal strengths are also well reproduced [4] . The optoelectronic gap of diamond is ∼5 eV with the present NRL model compared to the experimental value of 5.5 eV. Additional details of the NRL scheme can be found elsewhere [21] .
Structure generation
The ta-C and nD/a-C structures are modeled through computational supercells of 216 and 512 atoms, respectively. Periodic boundary conditions are applied to ensure that the bulk nature of both materials is correctly described. The pure a-C structures are generated by melting a diamond structure and subsequently quenching the melt at constant volume in a canonical (N, V, T) ensemble. The melting started at 6000 K, while a typical quenching duration and rate are 40 ps and 300 K ps −1 , respectively. It has been previously shown that different quenching rates, such as 226 and 500 K ps −1 do not lead to noticeable differences in the resulting structures [22] . After quenching, the whole material becomes amorphous and both atomic positions and volumes are equilibrated at low temperatures. Additional details on the network generation can be found elsewhere [22] . nD/a-C is a nanocomposite with a spherical diamond core which is embedded in an amorphous carbon matrix. Such a diamond nanocomposite is also generated by quenching from the melt, but in this case the positions of the atoms that belong to the diamond inclusion are kept frozen during the melting and quenching phases. In the end, at low temperatures, all atomic positions, crystalline and amorphous, are allowed to relax. Specifically, the computational cells are relaxed first at 300 K and then at 0 K under the (N, P, T) ensemble. In this way, both the volume and the density fluctuations are allowed to relax and the cell density is equilibrated. This involves a complete relaxation of the external forces and stresses applied to the system [23] . The energy of the system was monitored, and after it reached a minimum the structures were still allowed to equilibrate for an additional 10% of the total relaxation steps. The exact details for the generation of diamond composites are given elsewhere [4, 24] . In both a-C and nD/a-C structures, the coordination and density of the amorphous material is controlled by the volume of the computational cell during quenching. Both the a-C and n-D/a-C investigated here were equilibrated with respect to their atomic positions and volume with the TBMD-NRL scheme.
Specifically, in the current investigation we look at a dense diamond nanocomposite and a dense (ta-C) amorphous carbon network. The equilibrium structures prior to the application of strain have the following structural characteristics. (a) The diamond inclusion in the nanocomposite has a diameter of 12.5Å. Its volume fraction is 31% and the density of the matrix is 3 g cm −3 corresponding to a mean coordination of the amorphous matrix of 3.8.
(b) The ta-C network has a similar density and sp 3 ratio. Both materials were strained in a series of incremental strains. For the diamond composites, tensile load is applied along the 111 direction. Having in mind that the easy-slip plane of diamond is the [111] plane, we choose the crystallographic directions to be those of the nanodiamond region in the composite. Since the a-C phases are highly isotropic, all directions of the applied load are equivalent [4] . In the end, for each strain, the atomic positions were fully relaxed with the TBMD-NRL scheme and all properties are calculated at 0 K. We have previously shown that for the two networks used here their fracture mechanism is similar and occurs at a strain of about 0.11-0.12 [4] .
Calculation of optoelectronic properties
For the analysis of the optoelectronic properties of diamond composites and amorphous materials under strain, we use a methodology recently reported for the investigation of the optoelectronic properties of equilibrium unstrained amorphous and nanocomposite networks [5] . We briefly discuss this procedure. The electronic structure is first extracted from the simulations and is correlated to the imaginary part (ε 2 ) of the dielectric function of the structure. The value of ε 2 can be obtained through a sum over all matrix elements corresponding to transitions from an initial occupied (with an eigenvalue E i ) to a final unoccupied (with an eigenvalue E f ) state. Specifically, ε 2 is defined as ε 2 = 2nk, where n and k are the refractive and the extinction coefficients, respectively. In practice, ε 2 is directly correlated to the electronic structure of the material, and can be given by the sum over all initial and final eigenstates:
. In this relation, V is the volume of the cell, e, m are the electron charge and mass, respectively, P the momentum operator and E the photon energy. The momentum matrix elements are then extracted by the position matrix elements [5] . Knowledge of ε 2 , in turn, leads to the absorption coefficient (α). This is calculated from ε 2 through α(E) = Eε 2 hnc , where E is the energy, c is the speed of light, and n is the refractive index, extracted from the real and imaginary parts of the dielectric function [7] . The E 04 optical gap used as a probe of the properties of the structures studied here is defined as the energy at which α(E) reaches the value 10 4 cm −1 . The concept of the Urbach energy (E U ) is used as a link to the structural and topological disorder in a network. This energy is defined as the inverse of the local slope of ln[α(E)] at a photon energy of E = E 03 , which is the energy for which the absorption coefficient takes the value 10 3 cm −1 . E U then follows the variations of the absorption coefficient deep within the gap through the equation
| E=E 03 . The method for deriving the optoelectronic properties for the nanostructured carbon networks is quite efficient. As a consistency check the respective values for crystalline diamond as calculated through this scheme and TBMD approaches compared well to the respective experimental data [5, 25] . Diamond has the highest value compared to a-C and nD/a-C, which have lower optical gaps at low densities [5] . The optical gaps in the case of unstrained diamond composites showed a monotonic relation to the sp 3 ratio in the a-C matrix, reaching the corresponding diamond values for an almost 100% sp 3 fraction. Decomposition into the contribution of the matrix and crystalline atoms showed that for the former there is an increase in the optical gap as the matrix becomes denser, while for the latter at moderate and high densities there is no significant variation with the matrix density. The optical gaps for the diamond nanocomposites, determined by the amorphous matrix having a smaller gap than the inclusion, were found within a range of 1 eV from the respective diamond value [5] .
The disorder in these networks can be monitored through E U [5, 7] . It reflects both structural (bond length and bond angle distortions) and topological disorder which is related to the size distributions of chains and clusters of sp 2 and sp 3 atoms in the mixed phase in a-C [1] . Calculation of the Urbach energy revealed that the disorder in the nanocrystal is noticeable through bond length and angle distortions and appears near the crystalline-amorphous matrix interface. In the case of pure unstrained amorphous networks it was previously shown that the denser networks, i.e. those with a higher sp 3 ratio, show less disorder and develop a non-monotonic behavior to the optical gap and the sp 3 content [7] . A reference value for E U = 0 corresponds to crystalline diamond. In this respect, the further a network deviates from perfect tetrahedral symmetry, the higher its E U . The highly tetrahedral ta-C network has a high Urbach energy. This is also related to the embedding of minority configurations (sp 2 clusters) into a host majority phase (sp 3 rich network), an effect which produces disorder reflected in the π -π subgap transitions.
Results and discussion
Following the methodology described in section 2, we have applied tensile strain on a dense amorphous network and a dense diamond nanocomposite. We will first briefly look at the change of the structural characteristics of both networks due to the application of strain and then discuss the variation of the optoelectronic properties with and the hybridization ratio.
Structural characteristics and strain
We first look at the changes in the hybridization content in both networks as strain is increased. In nD/a-C, the initial (strain = 0) sp 2 and sp 3 ratios are 19% and 81%, respectively. Exactly after the fracture point at strain = 0.12, these are 23% and 77%, respectively. The relative values for ta-C at 0 strain are almost the same as for the composite, but at strain = 0.12, the sp 2 (sp 3 ) fraction is 33% (65%). Hence, the sp 3 ratio in the strained ta-C shows a slightly larger decrease than in the strained nD/a-C (12% instead of 9%). As an additional deeper look into the structural behavior of the networks under load, we also calculated the bond length and bond angle fluctuations as a function of the applied strain , which are depicted in figure 1 . The relative bond length ( l r ) and bond angle ( θ r ) fluctuations shown in this figure are defined as a r = ( a − a 0 )/ a 0 , where a = σ a / a the fluctuations. The superscript 0 corresponds to strain = 0, which is taken as the reference state. σ a , a are the variance and average values of the bond length (a = l) or bond angle (a = θ) distributions. In nD/a-C the bond angle distributions are more peaked and less dispersed than the corresponding values for ta-C. The bond length distributions are also slightly more peaked for nD/a-C, but are also as broad as those for ta-C, revealing the variety of different bond lengths in the matrix. For the nanocomposite, the bond and angle fluctuations are in the range 0-32% and 0-15%, respectively. The relevant fluctuations for the amorphous network vary between 0-9% and −5-2%, respectively. The equilibrium values for bond lengths and angles are 1.53Å and 109.6 • for the nanocomposite and 1.52Å and 109.5 • for ta-C, respectively. The a difference between the two strained structures reveals again their different bonding environments. A crude explanation would be that in ta-C the bond lengths and bond angles are already significantly deformed as compared to a highly ordered phase, thus applying external strain will not pose significant rearrangements in the bonding environment. On the other hand, nD/a-C is much more ordered as it contains a crystalline phase and a highly ordered interface with the amorphous matrix. In this respect, strain will impose additional rearrangements in the structural environment of the nanocomposite.
Dielectric function and absorption coefficient
We begin with the calculation of the imaginary part of the dielectric function in the strained materials. Inspection of ε 2 for the strained ta-C network shows that there is a slight increase of the small shoulder at low energies as the strain increases (data not shown). With increasing strain, the sp 3 ratio decreases. This behavior of ε 2 agrees with the results for unstrained a-C networks with decreasing sp 3 content [26] . However, in the strained amorphous network, the decrease of the four-fold ratio is not that significant, as mentioned above; thus the increase in the small shoulder at low energies in ε 2 is not that pronounced compared to strain = 0. There is also a slight decrease in the peak of ε 2 in the strained ta-C, which also compares to the variation with decreasing sp 3 content for unstrained a-C [26] . The variation of ε 2 with hybridization ratio for the strained nanocomposites is also similar to the relevant variation in the unstrained composites [5] .
We observe in the absorption coefficient for the nanocomposite that the total contribution arises mainly from the contribution of the sp 2 hybrids, i.e. the amorphous matrix atoms which give rise to π -π transitions near the energy gap. The variation of the absorption coefficient with energy is shown in figure 2 . It is clear that for strained nanodiamonds, but also for ta-C (data not shown), the total absorption coefficient curve shifts towards lower energies as the strain is increased. This is more pronounced for the diamond nanocomposite due to the interface region and the presence of the amorphous matrix. The sp 2 and amorphous (am) contribution shown in the figure follow the total curve closely, revealing that these parts essentially contribute to the total absorption coefficient of the nanocomposite. On the other hand, the sp 3 and diamond core (nD) curves differ from the other contributions, leading to higher optical gaps. The behavior of the different contributions is physically intuitive, since the majority of the sp 3 hybrids reside in the core, while all the sp 2 atoms are in the matrix. For ta-C, the sp 2 contribution also follows the total optical coefficient curve. The total contribution is reflected in the sp 2 part of the absorption coefficient, in both materials, as the sp 2 hybrids mirror strongly the deviation from tetrahedral symmetry.
Optical gap, disorder, and strain
Before going into the details of the results, we should note that the errors in the estimation of the optical gap E 04 and the Urbach energy are of the order of ±0.15. The estimation was made by accounting for the different approximations that were taken in obtaining the curve for the absorption coefficient α (figure 2) from which the optical gap is calculated, as well as the errors of the fitting to the slope of the absorption coefficient curve, from which the Urbach energy is obtained. These of course include the inherent errors in the TBMD scheme and the calculation of the matrix elements. We next extract the optical gap E 04 from the absorption coefficient. The variation with strain of the optical gap for the two strained structures, nD/a-C and ta-C, is depicted in figure 3 . Both curves consistently decrease as the strain is increased. The maximum difference between the two strained networks is about 0.6 eV and occurs just below the onset of fracture. This is consistent with the larger bond and angle fluctuations at the same strain (see figure 1) 'preparing' the material to break. There is, though, no specific feature at the onset of fracture, around = 0.11-0.12. In the case of ta-C, a decrease of about 0.6 eV was observed when comparing the material at = 0 with the fractured one. The respective overall decrease for the nanocomposite is similar (about 0.5 eV). A similar decrease was also evident in E 04 with a decreasing sp 3 fraction. This decrease was found about 15% higher in the diamond nanocomposite case as compared to ta-C. This is again consistent with the larger bond and angle fluctuations for the same strain in figure 1 .
As our next exploration of the disorder in strained nD/a-C and ta-C, we look at the variation of the Urbach edge with the applied strain. The results are shown in figure 3 . It is interesting to observe the qualitatively very different behaviors of the two strained structures. For the diamond composite there is no significant variation in the Urbach energy. The values are quite low, between 0.15 and 0.40 eV, without any specific feature close to the onset of fracture (at ∼ 0.11-0.12). In the strained ta-C the variation in the Urbach energy spans a larger energy range from about 0.12 to 1.0 eV, denoting a higher disorder compared to the strained nanocomposite. The additional features in this case are two jumps to higher E U , denoting higher disorder. This occurs before the onset of fracture in ta-C. Such a feature can probably be attributed to the fact that as the external load is increased there are sudden rearrangements in the material, which lead to elongated and distorted bonds. These deformed bonds are embedded in a majority phase with sp 2 and sp 3 atoms not yet being deformed. This increases the disorder in the network. The structure continues to be strained, the disorder is increased and the Urbach energy increases. At some point, though, the ratio of atoms with elongated (sp 2 or sp 3 ) bonds becomes significant. The case has now been reversed and the minority phase corresponds to the undistorted bonds. These are embedded in the majority phase of atoms with elongated bonds. In this respect, the disorder and the E U at this point decreases. The higher E U values at large strains for ta-C as compared to nD/a-C denote that overall in ta-C the disorder is larger and the clusters of sp 2 atoms, defects and elongated sp 3 atoms define a larger minority phase embedded in the majority phase of the undistorted sp 3 atoms in the materials.
For the case of ta-C, the Urbach energy also follows the non-monotonic behavior (with respect to the four-fold content) of the unstrained non-hydrogenated amorphous networks [7] . Both curves increase abruptly, reach a maximum and then decline less sharply. The difference is that the peak in the Urbach energy is now observed at a strain of about 0.08, which corresponds to about a 75% sp 3 ratio rather than 65% sp 3 in the unstrained amorphous networks [7] . This can be interpreted as a very high disorder half-way before fracture. At that point, the bond rearrangements and the relative incompatibilities between the minority phase and the embedding majority phase are larger. In the strained ta-C the amount of disorder 'produced' at a higher sp 3 content is higher. This is evident by the different slopes of the variation with strain around 0.08 (∼75% sp 3 ) in figure 3 , which is compatible to the unstrained amorphous networks [7] . The peak of the E U distribution with strain is about three times larger in the strained network as compared to the relative variation with the sp 3 content in the unstrained ta-C [7] . Hence, the higher relative disorder in the strained ta-C is again revealed. Note, that at a first glance, the results shown for the Urbach energy in figure 3 do not seem consistent with the relative bond length and angle fluctuations shown in figure 1 , as the peak in the E U does not follow the respective behavior of the bond length and angle fluctuations. Inspection of figure 5 , though, shows that the peak in the total E U is solely attributed to the sp 2 hybrids. In addition to this, we have also checked that at a strain of 0.08, though not mirrored in the overall bond length and angle fluctuations (which include all types of hybrids in the structures), the bond length fluctuations come directly from the three-fold atoms. By this we mean that the sp 2 contribution to the bond length fluctuations coincides with the total fluctuations in the networks at this amount of strain, both contributions showing a sudden drop denoting a higher disorder directly manifested also in the total Urbach energy. Apparently, there is a stronger interplay between minority sp 2 atoms embedded in a four-fold majority phase. These minority sp 2 deformed bonds are embedded in a majority phase with the rest of the atoms not yet deformed. This increases the disorder in the network. The decrease of the Urbach energy at strains larger than 0.08 is related to the overall decrease in the bond length and angle fluctuations in figure 1 . We should note here that the peak in the E U shown in figure 3 at a strain of 0.08 corresponds to an sp 3 ratio of 75% in a very good agreement with figure 4 of [7] and figure 7 of [5] , which show the variation of the Urbach energy with the sp 3 fraction for amorphous and diamond nanocomposite networks, respectively. In these figures it is clear that there is an abrupt increase in the E U at an sp 3 content in the range 65-75%. In this work, similar to these cases, this peak in the Urbach energy has been and is assigned to the argument of 'minority sites embedded in a majority phase' as described above.
We next decompose the optical gap and Urbach edge into contributions from the different hybridizations and the amorphous and crystalline parts in the structure. These results are also compared to relevant data for the strained ta-C and are depicted in figures 4 and 5. First, as evident in both figures, in strained nD/a-C, the sp 2 contribution follows the amorphous one very closely. This is expected, as the sp 2 hybrids are located in the amorphous matrix. The contribution from the sp 3 hybrids resembles more that from the diamond core. This is more strongly expressed in the Urbach energy, revealing that the amount of disorder coming from the distorted sp 3 atoms close to the interface is responsible for the disorder in the diamond core. At the interface, most of the atoms are four-fold with distorted bond lengths as compared to the perfect tetrahedral case. For the optical gap in nD/a-C shown in figure 4 the sp 3 and core contributions do not follow exactly the same trend. The former decreases about 0.6 eV compared to the 2.5 eV decrease of the latter. As strain is applied, the structural rearrangements that are imposed lead to such a deviation from tetrahedral symmetry which moves the optical gap away from perfect tetrahedral symmetry. This is not evident in the relevant decompositions of the Urbach edge in figure 5 , since the rearrangements in the core do not correspond to a very high structural difference between an embedding 'minority' and a 'majority' phase.
In ta-C decomposition of the optical gap into its sp 2 and sp 3 contributions shows that the latter follows closely the sp 3 contribution in the nanocomposite, which in turn is dominated by the four-fold atoms in the amorphous matrix (see figure 4) . The sp 2 contribution at low strains is similar to that of the nanocomposite, but as the ta-C becomes more strained ( > 0.05) it is on average about 0.3 eV higher than the respective part in nD/a-C. In the ta-C case, the sp 2 part of the Urbach energy in figure 5 follows the non-monotonic behavior of the total E U in figure 3 . The high peak in the total E U in this figure reflects the sp 2 contribution in figure 5 . Hence, in the dense amorphous network, the disorder is a result of the structural disorder in the sp 2 hybrids. The disorder in the sp 3 hybrids is lower, as seen in the same figure, and slightly increases at higher loads, where the sp 3 bonds become more elongated.
As a final remark, it is clear so far that for the strained diamond composite larger variations are evident in the optical gaps, while for the strained amorphous network, larger variations are seen in the Urbach energy denoting larger disorder. This can be interpreted through the different mechanisms imposed by the applied strain on these structures. More precisely, in nD/a-C, it was shown that an external load leads to large bond and angle fluctuations. These fluctuations, in turn, are responsible for the larger deviation from tetrahedral symmetry with increasing strain. Due to the high complexity of the structure composed of two phases, amorphous and crystalline, these fluctuations mainly apply to the amorphous phase and the inclusion-matrix interface region. The diamond core is very slightly deformed only at the interface with the matrix. The respective structural rearrangements at the interface and the matrix do not account for as large a structural or topological disorder, through significant structural incompatibilities, as in the case of ta-C. As strain is increased the sp 2 fraction indeed increases, as was shown, but not that significantly. In this sense, the increasing minority sp 2 hybrids within the sp 3 environment are not sufficient to overcome the stronger deviation from perfect tetrahedral symmetry, a deviation that seems more important in the nanocomposite case. On the contrary, in the strained amorphous network, the bond and angle fluctuations are smaller, but the structural incompatibilities that are caused by these fluctuations lead to different geometries and densities within the structure. Increasing the external load leads to more sp 2 hybrids than in nD/a-C. In this respect, there is a stronger interplay between minority sp 2 atoms embedded in a four-fold majority phase, hence larger disorder. Since E U is a direct measure of the disorder, this is clearly reflected in the amorphous network. Conclusively, in strained nanocomposites the optical gap should be optimally chosen to monitor their structural behavior, while for amorphous networks the Urbach energy would better serve as such a probe.
Conclusions
This work includes results based on tight-binding molecular dynamics simulations of strained a-C and diamond nanocomposite structures. Starting from the equilibrium structures we have applied tensile strain along the easy-slip plane of diamond. We have investigated how the optoelectronic properties of the equilibrium structures are affected once strain is applied and compare their properties to those for the unstrained materials. As probes of the optoelectronic properties, we have used the E 04 optical gap and the Urbach edge. These were decomposed into contributions from the different hybrids in the structures. Our results showed clearly that though the sp 2 , sp 3 fractions in all networks did not vary considerably with the applied strain, significant incompatibilities based on the different geometries and densities in the structures occurred. The bond rearrangements due to the external load were directly observed through the decrease of the optical gaps in the strained materials as compared to the unstrained structures. We have also used the concept of the Urbach edge as a measure of the disorder within the strained networks. A more abrupt variation with the applied strain was observed in ta-C, revealing sudden rearrangements in the bonding environment in the materials for certain loads, and thus increased disorder. For the strained nanocomposite, the main finding was that rearrangements in the bonding environment are larger than in strained ta-C. This was not strongly featured in the estimation of the disorder through the Urbach edge, revealing that the bonding rearrangements due to strain are significant, but occur smoothly and lead to significant deviation from the tetrahedral symmetry. The results presented here can serve as a guideline for obtaining information about possible large structural deformations or fracture in amorphous and nanocomposite carbon materials used in nanotechnological applications.
